Prostate cancer (PC) is one of the leading causes of cancer mortality in men in the US. Standard diagnostic screenings, which include digital rectal exam (DRE) and serum-based prostate specific antigen (PSA) assays, suffer from low sensitivity in early detection assessments, and additional tools are needed to improve staging and discriminate low- vs high-risk PC patients. Molecularly targeted imaging probes can address some of these limitations by providing a quantitative yet noninvasive approach, generating lesion maps necessary to select cancerous growths for biopsy and staging. Several PET agents are currently under investigation in the clinic for PC detection. ^18^F\[FDG\], the general gold standard for identifying malignant lesions via deregulated metabolism, inadequately marks PC stemming from low glucose consumption of primary tumors.^[@ref1]^ Other tracers such as \[^18^F\]NaF are surrogates of more advanced disease, particularly metastatic bone deposits secondary to PC.^[@ref2]^ Choline-based ^18^F and ^11^C radiotracers showed moderate benefit in lymph node staging of PC patients,^[@ref3]^ but drawbacks arose due to limited sensitivity (\>5 mm tumor size) as well as low specificity in differentiating benign disease (i.e., prostatitis) from malignant lesions.^[@ref4],[@ref5]^ Androgen receptor activity can be probed using a radiofluorinated analogue of dihydroxytestosterone, \[^18^F\]FDHT,^[@ref6]−[@ref8]^ however, PC heterogeneity excludes the detection of malignancies that are resistant to hormone therapy, limiting the sensitivity of this imaging probe.^[@ref6]^

The emergence of antibody-based carriers of therapeutic and diagnostic payloads presents a promising alternative delivery platform to biomarkers expressed on tumor cell surface as monoclonal antibodies (mAbs) possess high specificity to their targets. One such malignant marker is prostate specific membrane antigen (PSMA). This transmembrane protein is upregulated in the epithelium of prostatic cancer as well as in the neovasculature of melanoma and carcinoma of the stomach, kidney, bladder, lung, breast, colon, and pancreas.^[@ref9]−[@ref12]^ Efforts to target and delineate PSMA-expressing tumors using mAbs as vectors have advanced in recent years. The scintigraphy-based probe ^111^In-7E11 is an anti-PSMA targeting antibody diagnostic agent approved by the FDA, with specificity for an intracellular epitope of the antigen;^[@ref13]^ however, issues arose as binding sites are exposed only following apoptosis or necrosis.^[@ref14],[@ref15]^ Bander and co-workers subsequently developed the IgG huJ591 mAb that targets an extracellular epitope of PSMA.^[@ref16]^ The high selectivity of huJ591 for the antigen motivated preclinical work exploiting this mAb as a companion PET diagnostic using ^89^Zr (*t*~1/2~ ∼ 78 h, 909 keV).^[@ref17]^ In fact, the potential of ^89^Zr-huJ591 for delineating PSMA prostate tumor xenografts in small animal models set the foundation for clinical translation. Extended blood persistence is characteristic of most mAbs, warranting long waiting times (\>1 day) between administration and optimal imaging contrast; thus, improvements on their pharmacokinetic (PK) profile are desired.

Previous findings have characterized smaller mAb derivatives, which offer rapid delivery and clearance from the bloodstream and normal tissues while retaining tumor-targeting properties of the parent antibody.^[@ref18]^ We rationalize that these smaller antibody fragments will address the underlying complications present in intact mAbs and are, thus, more suitable vectors for diagnostic applications. The minibody (Mb; scFv-C~H~3, ∼80 kDa) and the cysteine-diabody (Cys-Db, Cys-modified scFv dimer, ∼50 kDa) are two such antibody fragment platform formats that have been engineered with these principles in mind.^[@ref19]^ In this study, we explored the feasibility of using a PSMA-targeted Mb and Cys-Db as PET imaging probes with ^89^Zr as the radiometal of choice. By using these noncanonical antibody fragments, the goal is to establish the superior pharmacokinetics of these antibody fragments compared to huJ591 while maintaining tumor affinity and specificity to achieve same-day PET imaging.

Experimental Section {#sec2}
====================

Production of PSMA-Targeted Minibody and Cys-Diabody {#sec2.1}
----------------------------------------------------

DNA sequences coding for the huJ591 variable regions were kindly provided by Dr. Neil Bander (Weill Cornell Medical College). The Mb (∼80 kDa) is a bivalent homodimer with each monomer consisting of a single-chain variable fragment (scFv) linked to a human IgG1 hinge and C~H~3 domain. The Mb exists as a stable dimer due to the natural association between the C~H~3 domains as well as the formation of disulfide bonds within the hinge regions. The Cys-Db (∼50 kDa) is a bivalent homodimer formed from two cross-paired scFv fragments. Each chain consists of the variable regions linked together by a Gly-Ser linker. A Cys tail, consisting of the sequence Gly-Gly-Cys, is fused to the C-terminus to enable the stabilization of the diabody complex by formation of a covalent disulfide bond. Purified huJ591 Mb and Cys-Db proteins were provided by ImaginAb, Inc. (Inglewood, CA).

Protein Conjugation with Desferrioxamine {#sec2.2}
----------------------------------------

A 3-fold equivalence of DFO-Bz-SCN (Macrocylics, Inc.) in DMSO (\<5% total volume) was added to a solution of Mb or Cys-Db. huJ591 was reacted with DFO-Bz-SCN with a 1:5 mAb:chelate ratio. All reactions were incubated at 37 °C for 45 min with occasional mild stirring. Subsequent purification using a PD10 size exclusion column removed any unreacted DFO-Bz-SCN and DMSO with 0.9% saline as the mobile phase. The purified product was concentrated to a volume of ∼500 μL using a Vivaspin 500 (MWCO: 10 kDa) centrifugal filter. SDS gel electrophoresis was performed to analyze purified DFO conjugates of the Mb and Cys-Db (see the [Supporting Information](#notes-1){ref-type="notes"} and SI Figure 1 in the [Supporting Information](#notes-1){ref-type="notes"}).

Radiolabeling Experiments with ^89^Zr {#sec2.3}
-------------------------------------

^89^Zr-oxalate (∼37 MBq) was produced as previously described (see the [Supporting Information](#notes-1){ref-type="notes"}).^[@ref20]^ The pH of ^89^Zr was adjusted to ∼7.0--7.2 with 1 M Na~2~CO~3~. To each separate reaction, approximately 125--140 μg of Mb/Cys-Db-DFO (Mb-DFO, 1.56--1.75 nmol; Cys-Db-DFO, 2.5--2.8 nmol) or 250 μg (1.7 nmol) of huJ591-DFO was added and incubated at room temperature with intermittent mild shaking. After 1--1.5 h, the reaction was quenched with 10 μL of 50 mM DTPA (pH ∼ 7) to remove any nonspecifically bound ^89^Zr. Crude radiolabeling yields were determined to be \>95% using iTLC with the ^89^Zr-labeled proteins remaining close to the origin at *R*~*f*~ = 0.30 while free Zr-89 is found near the solvent front at *R*~*f*~ = 0.65. Purification of ^89^Zr-proteins was performed using a PD10 size exclusion column with saline as the eluting buffer. The final radiochemical purity was \>99% based on iTLC analysis. To address retained affinity for the antigen, both radiolabeled constructs ^89^Zr-Mb and ^89^Zr-Cys-Db were evaluated for immunoreactivity via a protocol established by Lindmo et al.^[@ref21]^

Cell Lines and Small Animal Xenografts {#sec2.4}
--------------------------------------

LNCaP (PSMA(+)) and PC3 (PSMA(−)) human prostate cancer (PC) cell lines (American Type Culture Collection) were cultured in a sterile environment with 5% CO~2~ at 37 °C and grown as described.^[@ref22]^

All animal experiments were conducted in accordance with the guidelines set by MSKCC Animal Care and Use Committee and Research Animal Resource Center. For imaging experiments, male athymic nude (nu/nu) mice (6--8 week old, Taconic) were subcutaneously inoculated with dual tumors. LNCaP cells (3 × 10^6^) in 1:1 medium:Matrigel (BD Sciences) were implanted on the left shoulder. PC3 cells (3 × 10^6^ in 1:1 medium:Matrigel) were injected on the right shoulder. Tumor growth was monitored weekly and measured using vernier calipers with the volume calculated using the formula length × width × height × 0.52. Tumor volumes were allowed to reach 150--300 mm^3^ prior to use.

Internalization Assay {#sec2.5}
---------------------

Internalization of ^89^Zr-Mb, ^89^Zr-Cys-Db, and fully human ^89^Zr-huJ591 was investigated on LNCaP and PC3 cells. Approximately 1 × 10^5^ cells were seeded in a 12-well plate and incubated overnight. A volume of 2 mL of radiolabeled protein (37 kBq/mL) was added to each well. The plates were incubated at 37 and 4 °C for 0.5--24 h. Following each incubation period, the medium was collected and the cells were rinsed with 1 mL of phosphate buffered saline (PBS) twice. Surface-bound activity was collected by washing the cells in 1 mL of 100 mM acetic acid + 100 mM glycine (1:1, pH 3.5) at 4 °C. The adherent cells were then lysed with 1 mL of 1 M NaOH. Each wash was collected and counted for activity. The % internalized activity was calculated as the ratio of the activity of the lysate and the total activity from the medium, PBS, acid, and base washes.

*In Vitro* Blocking Study {#sec2.6}
-------------------------

In 12-well plates, 1 × 10^5^ LNCaP cells were seeded and incubated overnight to facilitate adherence. huJ591 (100 μg, 0.67 nmol) was either coadministered with the radioactive probes or preincubated for 1 h at 37 °C. After addition of ^89^Zr-Mb (1--2 μg, 12.5--25 pmol) and ^89^Zr-Cys-Db (1--2 μg, 20--40 pmol) in separate wells, the cells were incubated at 37 °C for 1 h and then carefully washed with medium to remove any excess unbound activity. Cells were lysed with 1 mL of 1 M NaOH and then measured for activity. The level of bound radioligands was calculated as % bound, normalized to the amount of activity added.

Saturation Binding Assay {#sec2.7}
------------------------

To determine the dissociation constant (*K*~d~) of each of the ^89^Zr-mAbs, saturation binding studies were conducted using LNCaP cells. Briefly, varying concentrations of the ^89^Zr-mAbs (0.03--3 μg/mL, 0.2--60 pmol/mL) were added to 5 × 10^5^ cells in PBS containing 1% bovine serum albumin. The same experiment was repeated with additions of cold mAbs (140 μg/mL for the Mb (1.75 nmol/mL) and Cys-Db (2.8 nmol/mL) and 300 μg/mL for huJ591 (2 nmol/mL)) to determine nonspecific binding (NSB). After 1 h incubation at room temperature, the cells were washed twice with 1 × PBS. Specific binding (SB, nM), derived by subtracting NSB from total bound activity, was plotted against the amount of ^89^Zr-mAbs added. The dissociation constant, *K*~d~, was calculated by nonlinear regression fitting of the resulting plot using GraphPad Prism v. 6.02. The study was conducted in duplicate.

PET Imaging Experiments {#sec2.8}
-----------------------

Mice (*n* = 3--4) bearing LNCaP xenografts were administered intravenously (iv) with 7.4--10.2 MBq of either ^89^Zr-Mb (28--38 μg, 0.35--0.48 nmol) or ^89^Zr-Cys-Db (25--34 μg, 0.50--0.68 nmol) in saline. The mice were anesthetized with 2% isofluorane in oxygen prior to imaging. Small-animal PET studies were conducted using microPET-R4 and Focus 120 scanners (Concorde Microsystems). PET images were acquired between 1 and 24 h after dose administration. Images were reconstructed via filter back projection. Using ASIPro VM software (Concorde Microsystems), volumes of interest (VOIs) were measured on various planar sections of the acquired image by manually drawing on the tumor site and on select organs. The mean VOI was calculated and expressed as % injected dose per gram of tumor tissue (% ID/g).

Tissue Biodistribution Studies {#sec2.9}
------------------------------

Single tumor bearing mice were administered intravenously with 370--555 kBq of either ^89^Zr-Mb (1--2 μg, 12.5--25 pmol) or ^89^Zr-Cys-Db (1--2 μg, 20--40 pmol). Competitive inhibition studies were performed with coadministration of ∼200--500 μg (2.5--10 nmol) of nonradioactive Mb or Cys-Db in LNCaP tumor-bearing mice (*n* = 3--5). In a separate cohort of mice (*n* = 4) bearing the PSMA(+) tumor, the parent huJ591 (500 μg, 3.3 nmol) was administered 36 h prior to dosing with ^89^Zr-Mb. Mice were euthanized by CO~2~ asphyxiation after 1, 4, 12, and 24 h p.i. (*n* = 4--5 per group). Select tissues including the tumor were harvested and weighed with bound activity measured using a gamma counter (PerkinElmer). Activity measurements were background- and decay-corrected. The tissue uptake (% ID/g) was calculated against the total net activity injected.

Autoradiography and Histology {#sec2.10}
-----------------------------

For autoradiographic studies, separate animals were administered with ^89^Zr-Mb, ^89^Zr-Cys-Db, and ^89^Zr-huJ591 (7.4--10.2 MBq) as described above, 24 h before sacrifice. Five minutes prior to sacrifice, animals were injected with Hoechst 33342 (1 mg/mL PBS, iv). Immediately following sacrifice, tumors were removed and frozen in OCT mounting medium (Sakura, Europe) and a series of 10 μm tissue sections obtained. Autoradiographic distribution of ^89^Zr at 25 μm pixel resolution was obtained by exposing the sections to a BAS MS2025 phosphor plate (FujiFilm), followed by reading on a GE Typhoon 7000IP plate reader. The same sections were then used to obtain high-magnification whole-mount images of Hoechst 33342 distribution and H&E staining as previously described.^[@ref23]^

Following autoradiography, sections were fixed in 4% paraformaldehyde and stained for PSMA expression using rabbit anti-PSMA antibody (clone EPR6253, Abcam, 1:100 dilution) overnight at 4 °C, followed by goat anti-rabbit-Alexa-568 (Invitrogen, 1:100) for 1 h at room temperature. Sections were then imaged for Alexa-568 and Hoechst 33342 signals as previously described.^[@ref24]^ Finally, sections were stained with H&E, and digital microsopic images obtained in the same manner.

Statistical Analysis {#sec2.11}
--------------------

Quantitative data were expressed as the mean ± SD. Statistical analysis was performed using a one-way ANOVA test followed by Dunnett's multiple comparison test when applicable for biodistribution experiments. A two-tail Student's *t* test was employed in *in vitro* assays and tumor uptake comparison. A value of *P* \< 0.05 was considered statistically significant.

Results {#sec3}
=======

Characterization of ^89^Zr-Mb and ^89^Zr-Cys-Db {#sec3.1}
-----------------------------------------------

Following production and purification of the Mb and Cys-Db, the proteins were analyzed to confirm their purity and identity prior to conjugation. The Mb and Cys-Db migrated primarily as covalent dimers of ∼80 kDa and ∼50 kDa, respectively, under nonreducing SDS--PAGE conditions, but migrated as monomers of ∼40 kDa and ∼25 kDa, respectively, under reducing SDS--PAGE conditions after disruption of the intermolecular disulfide bonds. A low level of product-related impurities (likely partially clipped fragments) of the Mb was also detected under the denaturing SDS--PAGE conditions. LC--TOF-MS confirmed the identity of the Mb and Cys-Db by molecular mass.

Facile DFO-Bz-SCN conjugation and ^89^Zr-radiolabeling of Mb, Cys-Db, and huJ591 were achieved. SDS--PAGE gel confirmed purity of both DFO-attached fragments compared to unmodified proteins (SI Figure 1 in the [Supporting Information](#notes-1){ref-type="notes"}). Table [1](#tbl1){ref-type="other"} summarizes radiolabeling yield, purity, and specific activities of ^89^Zr-Mb and ^89^Zr-Cys-Db, which compared favorably to the previously reported values for ^89^Zr-huJ591.^[@ref22]^ Both ^89^Zr-Mb and ^89^Zr-Cys-Db demonstrated excellent radiolabeling yields (\>70%) and radiochemical purities (\>99%). Specific activities of 222--296 MBq/mg (17.8--23.7 MBq/μmol) and 259--333 MBq/mg (12.9--16.6 MBq/μmol) were attained for ^89^Zr-Mb (*n* = 8) and ^89^Zr-Cys-Db (*n* = 5) respectively. Both radiolabeled fragments sufficiently retained their affinity for PSMA with immunoreactivities established at ∼72.4 ± 1.7% for ^89^Zr-Mb and ∼72.8 ± 1.4% for ^89^Zr-Cys-Db (*n* = 3 for each).

###### Radiochemical and Immunoreactive Properties of ^89^Zr-Mb and ^89^Zr-Cys-Db
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Variable *In Vitro* Internalization Rates of ^89^Zr-Labeled huJ591, Mb, and Cys-Db {#sec3.2}
----------------------------------------------------------------------------------

With reports showing PSMA possessing a putative endocytic functionality,^[@ref25],[@ref26]^ we conducted *in vitro* internalization studies using LNCaP cells to compare the rates of internalization of ^89^Zr-Mb, ^89^Zr-Cys-Db, and ^89^Zr-huJ591. The internalization patterns of all three radiotracers appear to be rapid, however, initial slow uptake was displayed by ^89^Zr-Mb at 4 h at 37 °C with lower fractions internalized (3.7 ± 0.5%, *P* = 0.002) (Figure [1](#fig1){ref-type="fig"}A, left panel). This was then followed by rapid internalization, peaking at 12 h with 15.1 ± 1.0% (*P* = 0.027), which reached a plateau at 24 h (16.6 ± 1.0%). In Figure [1](#fig1){ref-type="fig"}A (middle panel), ^89^Zr-Cys-Db showed consistent linear internalization, spanning all time points (1.0 ± 0.1% at 0.5 h, 3.5 ± 0.2% at 1 h, 4.5 ± 0.5% at 4 h, 8.9 ± 0.7% at 12 h, and 11.9 ± 0.1% at 24 h) at 37 °C. At 37 °C, ^89^Zr-huJ591 demonstrated internalization with 1.4 ± 0.1% at 0.5 h, 1.8 ± 0.8% at 1 h, 7.3 ± 0.6% at 4 h, 12.1 ± 1.3% at 12 h, and 10.1 ± 1.3% at 24 h (Figure [1](#fig1){ref-type="fig"}A, right panel). Minimal internalization was demonstrated by all three imaging probes at 4 °C, evidence of an endocytic uptake process.

![*In vitro* assays in LNCaP prostate cancer cells. Both antibody fragment radiotracers were added to LNCaP prostate cancer cells and incubated at 37 and 4 °C at 0.5, 1, 4, 12, and 24. (A) The internalization rates of ^89^Zr-Mb (left) and ^89^Zr-huJ591 (right) follow a nonlinear trend with slow uptake rates after 4 h of incubation; a subsequent increase in intracellular radioactivity with higher internalized fractions was observed for ^89^Zr-Mb after 12 h. ^89^Zr-Cys-Db (middle) displays a linear rate of internalization. All three radiotracers display minimal intracellular accumulation at all time periods at 4 °C. (B) In LNCaP prostate cancer cells, 1 h preincubation or coaddition of huJ591 (100 μg) with the radiotracer diminished binding of ^89^Zr-Mb (1--2 μg, left) and ^89^Zr-Cys-Db (1--2 μg, right).](mp-2014-00164r_0002){#fig1}

*In Vitro* Blocking Study of ^89^Zr-Mb and ^89^Zr-Cys-Db by huJ591 {#sec3.3}
------------------------------------------------------------------

The specificities of both ^89^Zr-Mb and ^89^Zr-Cys-Db to PSMA were evaluated by competitive inhibition with nonradioactive huJ591. In Figure [1](#fig1){ref-type="fig"}B (left panel), ^89^Zr-Mb demonstrated as much as 4.96 ± 0.73% binding to LNCaP cells with no added huJ591. This level of bound Mb was satisfactorily blocked as much as 10-fold with both preincubated (0.55 ± 0.19%, *P* \< 0.0001) and coadded (0.56 ± 0.3%, *P* \< 0.0001) huJ591. Similar outcomes were observed with ^89^Zr-Cys-Db (Figure [1](#fig1){ref-type="fig"}B, right panel) where, in the absence of huJ591, the radiotracer displayed 4.77 ± 0.21% PSMA-binding activity; this uptake was significantly diminished by preincubation (0.16 ± 0.08%, *P* \< 0.0001) and coaddition (0.15 ± 0.07%, *P* \< 0.0001) of huJ591.

Saturation Binding Assays {#sec3.4}
-------------------------

^89^Zr-huJ591, ^89^Zr-Mb, and ^89^Zr-Cys-Db demonstrated specific binding and high affinities for PSMA localized on the surface of LNCaP cells. The saturation binding studies showed apparent *K*~d~ values that are similar for all three radiotracers: ^89^Zr-huJ591 (*K*~d~ = 2.31 ± 0.27 nM), ^89^Zr-Mb (*K*~d~ = 2.18 ± 0.50 nM), and ^89^Zr-Cys-Db (*K*~d~ = 2.59 ± 0.41 nM).

PSMA-Specific Tumor Uptake and Tissue Distribution of ^89^Zr-Mb and ^89^Zr-Cys-Db {#sec3.5}
---------------------------------------------------------------------------------

Tissue distributions of ^89^Zr-Mb were analyzed in mice with single implants of PSMA(+) LNCaP (Figure [2](#fig2){ref-type="fig"}A; SI Table 1 in the [Supporting Information](#notes-1){ref-type="notes"}) or PSMA(−) PC3 tumors (SI Table 2 in the [Supporting Information](#notes-1){ref-type="notes"}). Tumor uptake of ^89^Zr-Mb at 1 h (2.3 ± 0.5% ID/g) was observed to steadily increase at 4 h p.i. (4.7 ± 1.0% ID/g). Accumulation of the probe in the tumor increased at 12 h p.i. with 6.2 ± 2.5% ID/g and at 24 h p.i. (12.1 ± 3.6% ID/g). To establish the specificity of ^89^Zr-Mb for PSMA *in vivo*, we performed blocking assays with various doses of nonradioactive Mb (SI Table 3 in the [Supporting Information](#notes-1){ref-type="notes"}). At 12 h p.i., the uptake of ^89^Zr-Mb was moderately decreased by 2-fold at 200 μg of coinjected cold Mb with 3.73 ± 1.27% ID/g (*P* = 0.21). Increasing the nonradioactive dose to ∼500 μg did not significantly block the uptake either with 3.82 ± 0.70% ID/g (*P* = 0.19). We then employed huJ591 to block PSMA epitopes required for binding. A 500 μg huJ591 dose was administered iv 36 h prior to injection of ^89^Zr-Mb with the mice (*n* = 4) euthanized 24 h p.i. of the radiotracer, which mitigated tumor uptake (5.0 ± 2.4% ID/g, *P* = 0.025). The *in vivo* specificity of this probe was further strengthened with differences between ^89^Zr-Mb accumulation in PSMA(−) PC3 tumors against LNCaP tumors in (Figure [2](#fig2){ref-type="fig"}A, inset). The PC3 tumor sustained a constant accretion of 2.3 ± 0.4% ID/g at 1 h (*P* = 0.28), 2.1 ± 0.3% ID/g at 4 h (*P* = 0.03), 1.7 ± 0.5% ID/g at 12 h (*P* = 0.04), and 2.4 ± 0.3% ID/g at 24 h. This nonspecific tumor uptake is attributed to the tumor's leaky vasculature.

![*Ex vivo* tissue distribution studies of ^89^Zr-Mb and ^89^Zr-Cys-Db administered intravenously in LNCaP (PSMA(+)) and PC3 (PSMA(−)) prostate tumor-bearing mice. (A) Biodistribution of ^89^Zr-Mb at different time points (1--24 h) in select tissues including the tumor; a blocking dose of ∼500 μg of huJ591 36 h prior to intravenous injection of ^89^Zr-Mb effectively mitigated tumor uptake at 24 h p.i. (A, inset) Direct comparison between LNCaP and PC3 tumors displays cumulative ^89^Zr-Mb uptake in the PSMA(+) xenograft, which was significantly higher as early as 4 h p.i., whereas nonspecific binding in the negative tumor is observed. (B) ^89^Zr-Cys-Db exhibits selective tumor tissue targeting, which peaks at 12 h p.i. A blocking dose of 200 μg of nonradioactive Cys-Db decreases the radiotracer tumor uptake at 12 h p.i. (B, inset) Higher uptake of ^89^Zr-Cys-Db in LNCaP tumors compared to PC3 implants at 12 and 24 h p.i. confirms the specificity of this imaging probe for PSMA.](mp-2014-00164r_0003){#fig2}

Assessment of ^89^Zr-Cys-Db localization in the PSMA(+) tumor demonstrated uptake with 4.1 ± 1.0% ID/g at 1 h, 7.0 ± 3.0% ID/g at 4 h, and 12.3 ± 2.5% ID/g at 12 h (Figure [2](#fig2){ref-type="fig"}B; SI Table 4 in the [Supporting Information](#notes-1){ref-type="notes"}). A decrease in tumor accretion at 24 h (6.5 ± 1.0% ID/g) was observed. Blocking with 200 μg of cold Cys-Db at 12 h p.i. effectively lowered the tumor accumulation to 5.64 ± 1.75% ID/g (*P* = 0.044). PC3 tumor uptake (Figure [2](#fig2){ref-type="fig"}B inset; SI Table 5 in the [Supporting Information](#notes-1){ref-type="notes"}) displayed lower accretion across all time points with 2.36 ± 0.48% ID/g (1 h, *P* = 0.068), 3.65 ± 1.54% ID/g (4 h, *P* = 0.12), 2.75 ± 0.51% ID/g (12 h, *P* = 0.007), and 3.44 ± 0.85% ID/g (24 h, *P* = 0.0011).

PSMA(+) Tumor Delineation {#sec3.6}
-------------------------

We performed *in vivo* PET imaging in mice bearing PSMA(+) LNCaP tumors from 1 to 24 h on all three radiotracers (SI Figure 2 in the [Supporting Information](#notes-1){ref-type="notes"}). In Figure [3](#fig3){ref-type="fig"}A, planar sections of acquired images revealed accumulation of ^89^Zr-Mb at 12 and 24 h p.i. Maximal intensity projection (MIP) at 12 h showed tumor delineation with nonspecific binding observed in the liver and kidneys. Similar results were achieved with ^89^Zr-Cys-Db where localized delivery of the radiotracer to the tumor provided high contrasts at earlier time points (Figure [3](#fig3){ref-type="fig"}B). In contrast to ^89^Zr-huJ591 (Figure [3](#fig3){ref-type="fig"}C), very minimal to no activity is present in the lung and heart in both ^89^Zr-antibody fragments, proof that the circulating probes were eliminated faster than the intact mAb. Quantification of tumor uptake is presented in Figure [4](#fig4){ref-type="fig"}A (SI Table 6 in the [Supporting Information](#notes-1){ref-type="notes"}), which displays an increasing trend in tumor uptake for all three radiotracers. Tumor VOIs at 1 and 4 h p.i. were comparable. At 12 h p.i, the accumulation of both ^89^Zr-Mb (6.85 ± 0.87% ID/g) and ^89^Zr-Cys-Db (9.84 ± 2.54% ID/g) plateaued, whereas ^89^Zr-huJ591 (15.84 ± 1.79% ID/g) steadily increased at 12 h p.i. After 24 h p.i., the tumor uptake of the intact mAb was 3-fold higher compared to the scFv proteins. This lower tumor delivery of the engineered mAb fragments most likely stemmed from low availability of both fragments in the blood pool. As shown in the VOIs drawn on the heart (Figure [4](#fig4){ref-type="fig"}B; SI Table 7 in the [Supporting Information](#notes-1){ref-type="notes"}), a sharp decreasing trend in radiotracer activity was displayed by ^89^Zr-Cys-Db followed by ^89^Zr-Mb across all time points such that, at 12 h, only 2.73 ± 0.61% ID/g ^89^Zr-Cys-Db and 5.06 ± 2.84% ID/g ^89^Zr-Mb remained. At 24 h, residual cardiac activity from both tracers was determined (i.e., 2.00 ± 0.18% ID/g for ^89^Zr-Cys-Db and 3.26 ± 1.20% ID/g for ^89^Zr-Mb). ^89^Zr-huJ591 heart activity remained consistently higher at all time points (i.e., 16.36 ± 1.57% ID/g at 12 h and 12.13 ± 1.26% ID/g at 24 h).

![PET imaging. Representative maximum intensity projections (MIPs) and planar PET images of (A) ^89^Zr-Mb, (B) ^89^Zr-Cys-Db, and (C) ^89^Zr-huJ591 acquired in male athymic nude mice bearing LNCaP (left shoulder, T) prostate tumors xenografts at 12 and 24 h postinjection. Kidney (K) and liver (L) accumulations were observed for both ^89^Zr-Mb and ^89^Zr-Cys-Db and rationalized as routes of excretion. All three probes localize in the tumor, however, only ^89^Zr-huJ591 remains in circulation between 12 and 24 h.](mp-2014-00164r_0004){#fig3}

![Time--activity curves of ^89^Zr-Mb, ^89^Zr-Cys-Db, and ^89^Zr-huJ591 demonstrating (A) tumor volumes of interest (VOIs), (B) blood clearance through heart VOIs, (C) tumor-to-muscle ratios, and (D) tumor-to-heart ratios from 1 to 24 h.](mp-2014-00164r_0005){#fig4}

Scrutiny of tumor-to-muscle (T/M) ratios from the PET scans disclosed no significant differences among all three radiotracers at all time points (*P* \> 0.05) (Figure [4](#fig4){ref-type="fig"}C; SI Table 8 in the [Supporting Information](#notes-1){ref-type="notes"}). Tumor-to-heart (T/H) ratios (Figure [4](#fig4){ref-type="fig"}D; SI Table 9 in the [Supporting Information](#notes-1){ref-type="notes"}) showed no distinctions between ^89^Zr-Mb and ^89^Zr-huJ591; however, analysis of T/H ratios for ^89^Zr-Cys-Db provided notably higher values at all time points against the intact mAb, for example, 3.58 ± 0.19 vs 0.98 ± 0.19 (*P* = 0.0002) at 12 h and 4.91 ± 0.26 vs 2.22 ± 0.46 (*P* = 0.014) at 24 h.

Autoradiography and Histology {#sec3.7}
-----------------------------

Distribution of ^89^Zr-Mb (Figure [5](#fig5){ref-type="fig"}A), ^89^Zr-Cys-Db (Figure [5](#fig5){ref-type="fig"}B), and ^89^Zr-huJ591 (Figure [5](#fig5){ref-type="fig"}C) at the microscopic level was evaluated using combined digital autoradiography (right panels) and whole-mount brightfield microscopy. The tumor tissues were viable with minimal necrosis observed as shown in the H&E stain (SI Figure 3a--c in the [Supporting Information](#notes-1){ref-type="notes"}). PSMA expression (red stain, left panels) appeared to be essentially uniform in all LNCaP tumor sections examined. Binding was generally absent from regions of stromal infiltration. Slightly increased immunoreactivity was observed in tumor necrotic regions, but was assumed to represent nonspecific antibody binding. For each construct, focal uptake of ^89^Zr was observed in central tumor regions, with seemingly less around the tumor periphery. There was no accumulation in necrotic regions. Regions of high ^89^Zr uptake were generally centered on areas of high vascular perfusion (as indicated by Hoechst 33342 staining in blue, left panels). However, not all perfused regions, in particular those observed around the tumor rim, were associated with ^89^Zr uptake. It is possible that vascular integrity or "leakiness" may play a role in determining the distribution of the ^89^Zr-labeled constructs in this tumor model. This data may serve to indicate that the relative tumor distribution of each of the ^89^Zr constructs appears to be equivalent over the time course of these experiments.

![*Ex vivo* autoradiography and histology. Registered whole-mount micrographs of LNCaP tumor sections with PSMA staining (red) coregistered with Hoechst 33342 (blue) for perfusion (left) and digital autoradiography (right) of (A) ^89^Zr-Mb, (B) ^89^Zr-Cys-Db, and (C) ^89^Zr-huJ591. Bars = 2 mm.](mp-2014-00164r_0006){#fig5}

Discussion {#sec4}
==========

Here in this study, we developed PSMA-targeting PET imaging probes using antibody fragments of huJ591 as carriers. We rationalize that these smaller derivatives are necessary to enable lower dose exposures and faster imaging, which can potentially decrease the burden on prostate cancer patients. We opted to utilize ^89^Zr as the radionuclide of choice for labeling these fragments to provide a systematic and parallel comparison to huJ591-PET. These results demonstrated significantly improved PK attributes of both ^89^Zr-labeled antibody fragments with retained tumor targeting properties and shorter tracer clearance, thus rendering both probes as excellent markers of PSMA(+) cancer with the advantage of same-day imaging.

Facile conjugation of DFO-Bz-SCN and ^89^Zr-radiolabeling of Mb and Cys-Db were achieved with high radiochemical yields and purities and with minimal loss of immunoreactivities. Consistently high specific activities for both ^89^Zr-constructs were produced after numerous labeling experiments. For uniformity, huJ591 was also conjugated with DFO-Bz-SCN, which offers the benefit of shorter and more straightforward conjugation compared to an earlier protocol used by our group.^[@ref22]^ All three probes were shown to internalize albeit with varying kinetics underpinning the critical use of radiometals in labeling internalizing proteins to capitalize on longer retention within the tumor for better imaging contrasts. We further demonstrated the specificity of both ^89^Zr-Mb and ^89^Zr-Cys-Db by coaddition or prior incubation of cold huJ591 in LNCaP cells. We next asked whether the binding affinities of ^89^Zr-Mb and ^89^Zr-Cys-Db are comparable to ^89^Zr-huJ591. From our saturation binding assays, all radiolabeled proteins displayed comparable *K*~d~s, supporting the hypothesis that smaller antibody platforms offer stable association to PSMA in a similar fashion to the parent mAb. Our observed affinities for all ^89^Zr-mAbs are within the range reported for huJ591 labeled with ^131^I (*K*~d~ = 1.83 ± 1.21 nM)^[@ref27]^ and ^111^In (*K*~d~ = 3 nM).^[@ref28]^ Two reports of new anti-PSMA antibody fragments were recently published. Of particular interest is a diabody developed from the same parent huJ591 and labeled with ^99m^Tc (^99m^Tc-J591Cdia) with a *K*~d~ of 5.0 ± 0.5 nM.^[@ref29]^ Two chimeric scFv fragments derived form the parent murine mAb 3/F11 (*K*~d~ ∼ 4.0 nM) established *K*~d~s of 8.3 nM for D7-Fc and 9.6 nM for D7-CH3.^[@ref30]^ Moreover, a previous study investigating a single-chain variable fragment of another PSMA-targeting mAb, D2B, reported a 4-fold lower affinity (8.6 nM) via BIACore analysis,^[@ref31]^ thus rendering our antibody fragments potentially superior.

PET imaging visualized tumor uptake and rapid whole body clearance of the ^89^Zr-Mb and ^89^Zr-Cys-Db in murine xenografts. Tissue distribution studies showed minimal nonspecific binding of both radiotracers in healthy tissues except in the hepatic and renal organs, which are routes of elimination.^[@ref32]^ This nonspecific binding observed for both liver and kidneys is significantly lower when compared to, for example, ^99m^Tc-J591Cdia with \>13 ± 1.8% ID/g and \>29.2 ± 3.5% ID/g respectively, albeit at 8 h p.i.^[@ref29]^ However, the uptake of our fragments, in particular, ^89^Zr-Cys-Db, in the liver and the kidneys is significantly lower. Retention of activity in the kidneys is likely due to a combination of clearance of the antibody fragments and radiolabeled metabolites, in addition to antigen-specific binding, as the proximal renal tubules have been reported to express PSMA;^[@ref33]^ only the latter would be reduced by blocking studies. Specific tumor delivery of both probes ^89^Zr-Cys-Db and ^89^Zr-Mb to PSMA was validated by addition of excess cold Cys-Db and huJ591 respectively. The competitive inhibition of ^89^Zr-Mb, however, was not straightforward with excess doses of Mb inefficiently attenuated. A plausible explanation can be attributed to the nonspecific clearance kinetics of each fragment, whereby competitive inhibition of the Mb should be examined at longer time periods (i.e., 24 h p.i.) when tumor uptake has stabilized. The results from autoradiography and histology (Figure [5](#fig5){ref-type="fig"}B) reinforce this rationale as ^89^Zr-Mb was found to colocalize with areas of vasculature even at 24 h p.i.; this, however, does not definitively discriminate between the vascular contributions of each construct. Stronger direct evidence is found in the blood activity at 12 and 24 h obtained from the *ex vivo* tissue distribution wherein accretion of ^89^Zr-Mb is 2-fold higher than that of the smaller ^89^Zr-Cys-Db. In addition, insufficient blocking of ^89^Zr-Mb at 12 h p.i. may likely stem from the fact that the internalization of PSMA is critically enhanced by ligand or antibody binding to the antigen.^[@ref26],[@ref34],[@ref35]^ As we have shown in our internalization assays, the kinetics vary with the minibody internalizing at a higher rate after 12 h p.i. With the PSMA recycling to the cell surface,^[@ref35]^ more binding sites are available for ^89^Zr-Mb delivery with ∼3% ID/g circulating in the bloodpool.

In our study, engineered smaller fragments are postulated as viable imaging surrogates of therapeutic antibodies within the context of curtailing wait times between administration and imaging. Clear distinction between the three imaging probes is attained upon analysis of each tracer's *in vivo* pharmacokinetics due primarily to varying molecular size. Blood pool activity of all radiotracers demonstrated obvious disparities (Figure [4](#fig4){ref-type="fig"}B) in clearance kinetics with ^89^Zr-Cys-Db clearly showing faster elimination during earlier time points. ^89^Zr-Mb showed parallel blood residencies at 12 and 24 h with ^89^Zr-Cys-Db while ^89^Zr-huJ591 still remained in circulation at higher activities after 24 h. Moreover, the measured tumor uptake from the PET images demonstrated significantly higher radiolocalization of ^89^Zr-huJ591 at later time points (i.e., 24 h). We ascribe this observation as a factor of systemic elimination of the fragments rather than loss of affinity. Intact mAbs possess innate prolonged blood residencies, significantly increasing its availability for tumor delivery. This extended circulation may benefit immunotherapies, but for diagnostic purposes, faster clearance with retained tumor localization is key to perform imaging within the same day of dosing. Faster blood pool clearance considerably enhances the image quality and resolution, which puts these ^89^Zr-engineered mAbs at a critical advantage. Moreover, the lower tumor delivery should not be taken as a major drawback as contrast or tumor-to-background ratios is considered one of the critical parameters not just in nuclear imaging but across all modalities. From the tumor-to-muscle ratios (Figure [4](#fig4){ref-type="fig"}C), no significant disparities in contrast were observed between the antibody fragments and intact huJ591, supporting the notion that these intermediate-sized antibody fragments provide similar tumor delineating properties at the time points studied.

One of the benefits of using engineered fragments is arguably the lower dose toxicity due to shortened blood residencies and minimized nonspecific healthy tissue accumulation. Blood activities of both antibody fragments are far shorter than that of the intact huJ591 with residencies decreasing by 2-fold within 1--2 h postadministration. Thus, we surmise that, with such rapid kinetics, nontrivial absorbed whole body radioactive doses especially in hematopoietic tissues will be minimized proportionally. Certainly, with smaller antibody fragments, a radioisotope with a half-life matching the PK of the fragment (i.e., ^64^Cu, *t*~1/2~ = 12 h) will afford better dosimetry profiles, especially if the probes are envisioned for repeat monitoring of treatment response in the same patient. Although immunoPET potentially holds a vital role in molecular and functional diagnosis, the lengthened circulation of intact antibodies and their nonspecific accumulation in normal tissues can impact radiotoxicity in normal organs, for example, the liver, the spleen, and the rest of the hematopoietic system,^[@ref36]^ upon repeated PET scans. Careful dosimetry measurements are, therefore, necessary to limit patient exposure. We believe that the use of engineered fragments derived from the intact antibody provides such benefit and advantage with observed terminal half-lives of 3--11 h in mice and with maintained radiotracer target specificity.^[@ref37]^ Recognizing that imaging tools require rapid clearance of the probe at shorter time periods for optimum contrast and in order to minimize patient burden, the smaller Cys-Db and Mb fragments of huJ591 for PET imaging are obvious choices as companion diagnostics of PSMA-targeted therapy.

In summary, small engineered antibody fragments of huJ591 have high potential as alternative noninvasive imaging probes for the detection and staging of PSMA-positive prostate tumors. Both ^89^Zr-Mb and ^89^Zr-Cys-Db offer rapid tumor delineation and background clearance, essentially establishing these scFv-based antibody fragments as faster alternatives to the intact mAb.

Additional details of materials and methods; tables of data on biodistribution, competitive binding, tumor uptake, blood clearance of radiotracers, and tumor-to-muscle and tumor-to-blood ratios of radiotracers; and figures depicting SDS--PAGE gel electrophoresis, planar sections of serial PET images, and autoradiography and histology. This material is available free of charge via the Internet at <http://pubs.acs.org>.
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